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A simple model for the late-time cosmic acceleration problem is presented in the Starobinsky
inflation with a negative bare cosmological constant as well as a nonminimal coupling to the Higgs
boson. After electroweak symmetry breaking, the Starobinsky inflaton has been frozen until very re-
cently, becoming a thawing quintessence, and a comparable magnitude to the observed dark energy
density can be achieved without fine-tuning. Our proposal essentially reduces the cosmological con-
stant problem into the electroweak hierarchy problem, and its late-time behaviour is also consistent
with the recently proposed swampland criteria.
INTRODUCTION
Although physics at different energy scales are decou-
pled from each other according to the renormalization
group (RG) flow, the energy scales themselves could still
reveal some connections among physics at these scales. It
has long been noticed that [1] the energy scale of the cur-
rently observed dark energy density Λ4DE ∼ (10−12 GeV)4
could be expressed as
Λ2DE ∼ H0MPl, (1)
where the Planck scale MPl ∼ 1018 GeV is the small-
est ultraviolet (UV) length scale and the current Hub-
ble scale H0 ∼ 10−42 GeV is the largest infrared (IR)
length scale. This suspicious UV/IR mixing relation has
inspired some quests [2, 3] for the late-time cosmic accel-
eration problem [4, 5]. The same pattern is also realized
for inflation with a form
Λ2inf ∼MPlHinf (2)
that can be recognized trivially as the Friedmann equa-
tion. The face values Λinf ∼ 1016 GeV and Hinf ∼
1014 GeV could be inferred from the current constraint
[6] on the tensor-to-scalar ratio r . 0.01.
A similar relation was observed recently in [7] that
v2EW ∼ ΛDEΛinf , (3)
where the electroweak (EW) hierarchy vEW ∼ 102 GeV
and cosmological hierarchy Λ4DE ∼ (10−12 GeV)4 are con-
spired via an inflationary scale Λinf ∼ 1016 GeV without
fine-tuning. Therefore, the question of why the observed
cosmological constant is extremely small could be trans-
formed into the question of why the measured EW scale
is relatively small. The cosmological hierarchy problem
can thus be solved as long as a solution to the EW hier-
archy problem is known prior.
In the spirit of quintessential inflation [8], a concrete
example [7] to reproduce the relation (3) is constructed
in a nonstandard Starobinsky inflation model with a non-
canonical kinetic term and a nonstandard Higgs poten-
tial,
S =
∫
d4x
√−g
{
M2Pl
2
R− 1
2
[
1 +
(
h
v
)2(
b
MPl
φ
)2]
(∂φ)2
− α2M4Pl
(
1− e−
√
2
3
φ
MPl
)2
− V (h)
[
1 + c
(
e
−
√
8
3
φ
MPl − 1
)]}
,
(4)
where α = 9.97 × 10−6 is fixed from the observation.
After Starobinsky inflation and subsequent reheating, the
inflaton remnant stays at a minimal slightly shifted from
the origin due to a nonzero Higgs potential value V (0) =
λ
4 v
4
EW in a symmetric phase with λ = 0.129. Once the
EW symmetry is broken, the Higgs is relaxed to the EW
vacuum and the inflaton is frozen by a dubbed bait-and-
switch mechanism at a potential energy density
c2
V (h = 0)2
α2M4Pl
=
c2λ2v8
16α2M4Pl
= 4c2 × 10−48 GeV4 (5)
that could match the currently observed dark energy
density ρΛ ∼ 2.58 × 10−47 GeV4 for c ≈ 2.5 without
fine-tuning. After that, the frozen inflaton starts rolling
down a quintessential potential when the Hubble param-
eter drops down to its current value. Unfortunately, the
model in [7] has the serious drawback that, at the quan-
tum level, the noncanonical kinetic term (h/v)2(∂φ/φ)2
is only suppressed by the EW scale, leaving observable
signals that would otherwise have been detected in the
Higgs decay channels a long time ago. Furthermore, the
construction in (5) seems highly nontrivial and unnatu-
ral.
In this paper, a simple and natural model to reproduce
the relation (3) is constructed in the standard Starobin-
sky inflation model [9] with a negative bare cosmological
constant as well as a nonminimal coupling to the Higgs
boson. The general picture of [7] is retained without the
use of any noncanonical kinetic term and nonstandard
Higgs potential. The comparable magnitude to the ob-
served dark energy density can be achieved without fine-
tuning thanks to the relation (3). Our proposal is also
consistent with the recently proposed swampland criteria
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2[10–12] due to the transformed role of the inflaton as a
thawing quintessence at late time.
THE MODEL
The action of our proposal in the Jordan frame is
SJ =
∫
d4x
√−g
[
M2
2
(
1 +
R
8α2M2
+
ξh2
M2
)
R− Λ4b
−1
2
(∂h)2 − V (h)− LSM+DM
]
, (6)
where M is an unknown energy scale for R2 gravity to be
fixed later; α is an inflationary parameter to be fixed by
observation; ξ is a nonminimal coupling of the Higgs field
h to the Ricci scalar R that eventually will be generated
at loop order even if it is absent at tree level [13]; Λb is a
bare cosmological constant that turns out to be negative
later; and V (h) is the usual Higgs potential of the form
V (h) =
{
λ
4h
4 + λ4 v
4, symmetric phase;
λ
4 (h
2 − v2)2, broken phase, (7)
with λ = 0.13. The Lagrangian LSM+DM for the SM
along with an unknown dark matter (DM) sector will be
left implicitly thereafter. See, e.g., [14–16] for similar
actions but in different contexts, and in particular [17]
for a comprehensive study on α-attractor quintessential
inflation.
The Starobinsky scalaron s is introduced as an auxil-
iary field to rewrite (6) as
SJ =
∫
d4x
√−g
[
M2
2
(
1 +
s
4α2M2
+
ξh2
M2
)
R− s
2
16α2
−Λ4b −
1
2
(∂h)2 − V (h)
]
, (8)
so that its equation-of-motion (EOM) s = R could re-
cover the original form (6). Einstein gravity is recovered
at (s = s0, h = v) if
M2 = M2Pl −
s0
4α2
− ξv2, (9)
and the action in the Jordan frame becomes
SJ =
∫
d4x
√−g
[
M2Pl
2
Ω(s, h)2R− 1
2
(∂h)2
− s
2
16α2
− Λ4b − V (h)
]
, (10)
where a conformal factor
Ω(s, h)2 = 1 +
s− s0
4α2M2Pl
+ ξ
h2 − v2
M2Pl
(11)
is introduced to transform the metric to be g˜µν = Ω
2gµν
so that the action in the Einstein frame is obtained as of
the form
SE =
∫
d4x
√
−g˜
M2Pl
2
R˜− 1
2
(
MPl
√
3
2
ln Ω2
)2
−1
2
(∂˜h)2
Ω2
− s
2
16α2Ω4
− Λ
4
b + V (h)
Ω4
]
. (12)
By introducing the scalar fields ψh = MPl
√
3
2 ln Ω(s, h)
2,
the action in the Einstein frame could be expressed as of
the form
SE =
∫
d4x
√
−g˜
{
M2Pl
2
R˜− 1
2
(∂˜ψh)
2 − 1
2
e
−
√
2
3
ψh
MPl (∂˜h)2
− α2M4Pl
[
1− e−
√
2
3
ψh
MPl
(
1 + ξ
h2 − v2
M2Pl
− s0
4α2M2Pl
)]2
−e−
√
8
3
ψh
MPl
[
Λ4b + V (h)
]}
. (13)
As you will see, φ ≡ ψ0 is the inflaton before EW sym-
metry breaking and ϕ ≡ ψv is the quintessence after EW
symmetry breaking. For the sake of simplicity, we will
get rid of the tilde symbol and use the following short
notations,
ω2h = 1 + ξ
h2 − v2
M2Pl
, ω20 = 1−
ξv2
M2Pl
, ω2v = 1; (14)
S =
s
4α2M2Pl
, S0 =
s0
4α2M2Pl
, Ω2h(S) = S − S0 + ω2h;
(15)
Uh =
Λ4b + V (h)
α2M4Pl
, U0 =
Λ4b
α2M4Pl
+
V (0)
α2M4Pl
≡ Uv + V0,
(16)
to express the action in the Einstein frame as
SE =
∫
d4x
√−g
[
M2Pl
2
R− 1
2
(∂ψh)
2 − 1
2
Ω−2h (∂h)
2
−α2M4Pl
Uh + S
2
(S − S0 + ω2h)2
]
, (17)
where the potential term in the second line will be de-
noted as W (S, h).
STAROBINSKY INFLATION
To have a successful Starobinsky inflation before EW
symmetry breaking, ω20 − S0 in (13) should be positive,
and thus ω20 − S0 = exp
(√
2
3c
)
for some constant c.
Furthermore, the bare cosmological constant term in (17)
3should not interfere with the end of inflation roughly at
φend/MPl = 1 + c, namely,
(Λ4b + V (0))e
−2
√
2
3 (1+c)  α2M4Pl
(
1− e−
√
2
3
)2
, (18)
leading to a constraint
U0
(ω20 − S0)2

(
e
√
2
3 − 1
)2
≈ 1.6, (19)
that will be checked later. Another constraint comes from
the suppression of fluctuations in the Higgs sector to re-
serve the inflationary prediction of Starobinsky inflation.
This requires the effective mass of the kinetically normal-
ized Higgs χ from (dh/dχ)2 = Ω2h to be larger than the
inflationary Hubble scale,
m2χ = Ω
2
0W
′′
h (S, 0) =
−4ξ
M2Pl
(
α2M4Pl
S2
Ω40(S)
+
Λ4b + V (0)
Ω40(S)
)
;
≈ −4ξS
2
Ω40(S)
α2M2Pl  H2inf =
S2
3Ω40(S)
α2M2Pl, (20)
namely, |ξ|  1/12, which will also be checked later. For
now, we will assume that these two constraints are satis-
fied so that Starobinsky inflation can proceed as usual.
After Starobinsky inflation and subsequent reheating,
the inflaton remnant, if it does not decay away totally,
stays at a local minimum (SEW, h = 0) determined from
the condition
W ′φ(SEW, 0)
α2M4Pl
=
√
8
3
1
MPl
SEW(ω
2
0 − S0)− U0
Ω40(SEW)
= 0, (21)
which gives rise to the field value of the Starobinsky
scalaron just before EW symmetry breaking,
SEW =
U0
ω20 − S0
. (22)
EW SYMMETRY BREAKING
When EW symmetry is broken, the Higgs is relaxed
to its current minimum h = v and the potential energy
density is of the form
W (SEW, v) = α
2M4Pl
Uv + S
2
EW
(1− S0 + SEW)2 . (23)
To retain the success of the picture observed in [7], ϕ
should be frozen right after EW symmetry breaking by
requiring a light effective mass of ϕ,
m2ϕ = W
′′
ϕ (SEW, v);
=
4
3
α2M2Pl
2Uv + (1− S0)(1− S0 − SEW)
(1− S0 + SEW)2 . (24)
If the observation from relation (3) indeed reveals the
myth of dark energy, all we have to do is to solve the
fixing condition (23) and freezing condition (24), namely,
aV 20 =
Uv + S
2
EW
(1− S0 + SEW)2 ; (25)
bV 20 =
2Uv + (1− S0)(1− S0 − SEW)
(1− S0 + SEW)2 . (26)
To match the currently observed dark energy density
W (SEW, v) ∼ Λ4DE and thawing behaviour m2ϕ ∼ H20 ,
one only needs for the order-of-one parameters a = 25/4
and b = a/4ΩΛ, with ΩΛ ≈ 0.7 today.
Solving (25) and (26) is a nontrivial task. The only
freedom comes from the normalized scalaron value S0,
where Einstein gravity is fixed. By choosing S0 away
from 1, one expects following approximated solutions
ω20 ≈
3
2
S0 − 1
2
; (27)
Uv ≈ −1
4
(S0 − 1)2. (28)
However, these solutions do not allow for the desirable
behaviour at both early time and late time that neces-
sarily requiring ω20 − S0 > 0 and 1− S0 > 0 from (13).
THAWING QUINTESSENCE
It turns out as a nice surprise that, when S0 is close
to 1−, the position of S0 with desirable solutions is in-
dependent of the parameters a and b. To see this, one
could take a concrete example by choosing S0 = 1 − V0
without lost of generality. The equations (25) and (26)
are solved to give
ω20 = 3−
3
2
V0 + (3b− 6a)V 20 +O(V 30 ); (29)
Uv = −1
4
V 20 +
3
4
(a+ b)V 40 +O(V 60 ). (30)
that are truncated at the order when parameters a and
b first appear. The leading order terms of (29) and (30)
are indeed independent of the choice of how close S0 is
to 1−.
The potentials in (13) along the ψh direction in the
symmetric and broken phase are presented in Fig.1
with above truncated solutions from S0 = 1 − V0,
where the EW symmetry breaking occurs in the nor-
malized scalaron value SEW = V0/2 + (6a − 3b)V 30 /4 +
O(V 50 ), with Ω20(SEW) = 2 + (3b − 6a)V 20 + O(V 30 ) and
Ω2v(SEW) = 3V0/2 + (6a − 3b)V 30 /4 + O(V 50 ), namely,
φEW =
√
3/2 ln Ω20(SEW) = 0.8489MPl and ϕEW =√
3/2 ln Ω2v(SEW) = −151.788MPl. The broken-phase
potential is thus shifted appropriately for clarity. The
normalized scalaron value at final AdS minimum in the
broken phase is Smin = −V0/4 + 3(a + b)V 30 /4 + O(V 50 )
4symmetric
broken
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FIG. 1. The demonstration of the physical picture of our
model from the truncated solutions (29) and (30) with S0 =
1 − V0. The potential in (13) along the ϕ direction in the
broken phase has been shifted appropriately for illustration.
with Ω2v(Smin) = 3V0/4 + 3(a+ b)V
3
0 /4 +O(V 50 ), namely
ϕmin =
√
3/2 ln Ω2v(Smin) = −152.637MPl. Note that
the rolling of ϕ in the future ∆ϕ = ϕEW − ϕmin = φEW
is a sub-Planckian field excursion.
Using the truncated solutions (29) and (30), one can
check that the original equations (25) and (26) are triv-
ially satisfied at the leading order,
Uv + S
2
EW
(1− S0 + SEW)2 = aV
2
0 +
4a+ b
12
V 30 +O(V 40 ); (31)
2Uv
(1−S0)2 + 1− SEW1−S0(
1 + SEW1−S0
)2 = bV 20 − 4a+ b12 V 30 +O(V 40 ), (32)
which freezes the inflaton at the right position after EW
symmetry breaking with a potential energy density and
effective mass
W (SEW, v) = a
V (0)2
α2M4Pl
≈ Λ4DE; (33)
m2ϕ(SEW, v) =
4b
3M2Pl
V (0)2
α2M4Pl
≈ H20 , (34)
desirable for our purpose. The Starobinsky inflaton is
thus frozen until the Hubble parameter drops down to
its current value and becoming a thawing quintessence
today, which also explains the coincidence problem.
One can also check the early-time behaviour from the
truncated solutions (29) and (30). During inflation, the
constraint (19) is explicitly satisfied;
U0
(ω20 − S0)2
=
1
4
V0 +
1
16
V 20 +O(V 30 ) 1.6. (35)
The other constraint (20), or equivalently |ξ|  1/12, is
also explicitly satisfied from (29), namely,
−ξ = M
2
Pl
v2
(
2− 3
2
V0 +O(V 20 )
)
≈ 1032  1
12
. (36)
Note that the constraint [18] on |ξ| . 1015 is not ap-
plicable here due to the presence of R2 gravity in ad-
dition to the nonminimal coupling. The decay chan-
nel of the Higgs to quintessence from the coupling
term exp(−
√
2
3ϕ/MPl)(∂h)
2 is highly suppressed by the
Planck scale, leaving no trace in the collider. The Planck-
ian suppressed effect on various couplings in the SM po-
tential also evades the bounds from the fifth force. The
large effective mass of the Higgs during inflation could
protect it from the dangerous quantum kick into the un-
wanted large-field minimum. The Higgs instability prob-
lem (see, e.g., [19, 20] for a brief review) is thus cured as
a by-product.
SWAMPLAND CRITERIA
The standard single-field slow-roll inflationary
paradigm currently faces some tension [21] with the
original de Sitter conjecture in the swampland criteria
[10, 11] as well as the refined de Sitter conjecture [12]
(see also [22]) that either one of the following conditions,
|∇V | ≥ c
MPl
V ; (37)
min(∇i∇jV ) ≤ − c
′
M2Pl
V, (38)
is fulfilled for some universal constants c, c′ > 0 of order
1. Here V is a potential of scalar fields φi in a low en-
ergy effective theory of any consistent quantum gravity,
and the minimum eigenvalue in the second condition is
taken for the Hessian operator ∇i∇jV in an orthonormal
frame. See also [22–29] for possible ways out of swamp-
land, [30–48] for the implications, and [49–58] for the
debates.
Although our action (6) contains a bare cosmological
constant, which turns out to be mildly negative deduced
from (30),
Λ4b ≈ −
1
4
V (0)2
α2M4Pl
∼ −Λ4DE, (39)
the plateau potential is currently in tension with the
swampland criteria, unless turning to, for example,
warm inflation [27, 29] or non-Bunch-Davies initial states
[24, 28]. Nevertheless, the late-time behaviour of our pro-
posal is consistent with the original de Sitter conjecture
in the swampland criteria due to the transformed role of
the Starobinsky inflaton as a thawing quintessence with
MPl
|∇ϕW (SEW, v)|
W (SEW, v)
=
√
8
3
(1− S0)SEW − Uv
S2EW + Uv
≈ 2
3a
√
2
3
V −20  O(1), (40)
5while
M2Pl
min(∇i∇jW )
W (SEW, v)
= M2Pl
∇ϕ∇ϕW
W (SEW, v)
=
4
3
(1− S0)(1− S0 − SEW) + 2Uv
S2EW + Uv
≈ 4b
3a
=
1
3ΩΛ
. (41)
The future destiny of our Universe is starting to roll
down the quintessential potential, eventually crossing the
zero point of the potential and inevitably approaching the
final AdS minimum with potential energy density
W (Smin, v) = α
2M4Pl
Uv +
(
Uv
1−S0
)2
(
1− S0 + Uv1−S0
)2 ≈ −13α2M4Pl
(42)
within one Planckian field excursion, ∆ϕ = ϕEW −
ϕmin = φEW ≈ 0.85MPl, which is also consistent with the
distance conjecture of the swampland criteria [10, 11].
CONCLUSION
To naturally reproduce the conspired relation among
the interplay of the EW scale and the inflationary scale
with the dark energy scale, we propose a simple model of
quintessential Starobinsky inflation to address the late-
time cosmic acceleration problem. The model in the Jor-
dan frame is simply defined in R2 gravity with a bare
negative cosmological constant term as well as a non-
minimal coupling of the Higgs to the Ricci scalar. When
transformed into the Einstein frame, the Starobinsky in-
flation is obtained, and the Higgs instability problem is
solved due to a large effective mass. After EW symme-
try breaking, the Starobinsky inflaton is frozen at a po-
tential energy density (33) comparable to the currently
observed dark energy density without fine-tuning. Only
until recently when the Hubble parameter drops down
to its current value does the inflaton start rolling down
a quintessential potential, eventually ending up in an
AdS state within one Planckian field excursion. The late
time behaviour is consistent with the recently proposed
swampland criteria.
DISCUSSION
There are infinite truncated solutions to Eqs. (25) and
(26) with similar leading order terms on the right-hand-
side when S0 is close to 1
−, which might be regarded as
a reflection of the string landscape at the effective-field-
theory (EFT) level. Any solution with S0 chosen to be
away from 1 is in the regime of string swampland, where
our observable Universes cannot be obtained. Even in
the regime of the string landscape, a larger value of the
EW scale than the currently measured value would ei-
ther freeze the inflaton at such a large energy density
that life cannot have enough time to form or be inca-
pable of freezing the inflaton at all so that our Universe
quickly rolls down to the final AdS minimum. Therefore,
the anthropic principle for EW hierarchy problem is thus
implied. In this respect, although the cosmological con-
stant problem can be naturally solved in light of rela-
tion (3) within our model, an explanation for a relatively
small EW scale is still needed, for example, supersym-
metry [59], extra dimensions [60, 61], strong dynamics
[62, 63], cosmological relaxion [64], or Nnaturalness [65].
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